Abstract-This paper presents a physical scattering model that predicts multiple-input multiple-output (MIMO) channel characteristics conforming well to experimental observations in macrocells. Our approach is to start with a given single-input single-output power-delay profile (defined for specific range, bandwidth and antenna parameters) and fit a scattering model that characterizes the MIMO channel. From the derived scattering model and antenna array configurations, the MIMO channel is computed using a ray-based method. Simulations of several MIMO channels are shown to exhibit experimentally observed channel correlations, antenna beamwidth effect, range dependency, and frequency selectivity.
I. INTRODUCTION

I
N RECENT years, increasing attention has been paid to multiple-input multiple-output (MIMO) broadband wireless communication systems. Multiple antennas at both the transmitter and the receiver open up effective multiple parallel spatial data pipes or add diversity. In spatial multiplexing schemes, the Shannon capacity has been demonstrated to grow linearly with the number of antennas [1] , [2] . However, achieving this capacity requires MIMO channels with favorable properties.
The goal of this paper is to present a physical scattering model that predicts experimentally observed MIMO macrocellular channel responses. The flexibility of the approach makes it suitable for system level simulations of MIMO communication systems.
A number of studies focusing on spatial channel models have been recently presented. Some of them are based on geometrical distributions of scatterers. In [3] and [4] , only local scattering arising from obstacles located near the mobile terminal is accounted for by means of evenly spaced effective scatterers placed on a ring, the radius of which is related to the microcell channel delay spread. The channel model presented in [5] makes use of a local scattering radius at both the transmitter and the reManuscript received April 23, 2002 ; revised November 5, 2002 . This work was supported in part by grants from the Fonds de Recherche de l'Université Catholique de Louvain, NATO, and Sprint Corporation.
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V. ceiver. In [6] and [7] , scatterers are uniformly distributed within a single ellipse or elliptical subregions, with the transmitter and the receiver being the foci of the ellipse. A three-dimensional (3-D) generalization of this model is described in [8] , but is focused on mobile environments and does not predict the variation of channel parameters, such as the Ricean -factor, as a function of the range. Other authors have also proposed mathematical descriptions of the space-time channel. In [9] , a multipath channel model is developed for indoor environment based on a clustering approach. Each cluster is characterized by a uniformly distributed mean angle of arrival; angular spread is accounted for by means of a Laplacian distribution [10] . A similar single-scattering model [11] is based on different environment types, for which a different scatterer distribution is defined. A stochastic model is also described in [12] , including empirical input such as the power-delay spectrum and the spatial correlation functions. Finally, several models have been developed in the framework of COST Action 259 [13] , [14] . Most models are usually valid for Rayleigh-fading channels, so that the existence of a dominant path cannot be accounted for. On the contrary, the proposed method is valid for any -factor, including the case of Rayleigh fading. Furthermore, recent MIMO measurements of the fixed MMDS channel [15] have also shown that the capacity slightly decreases with range for a fixed signal-to-noise ratio (SNR), although other channel characteristics such as the delay spread and the -factor vary significantly with range. Existing models cannot explain for such behavior, partly because most macrocellular propagation models do not address the impact of the range on the channel properties. Unlike these models, the following MIMO modeling approach accounts for the range dependency on a physical basis. Our methodology starts with the definition of a power-delay profile valid for a specific range, system bandwidth and antenna beamwidths [16] . A distribution of scatterers located on ellipses is then derived to fit this power-delay profile. Ultimately, the model allows simulating effects of range and antenna beamwidth on the -factor, delay spread, channel correlations, Demmel condition number, etc. The paper is organized as follows. Section II introduces the definition of power-delay profile. The single-input single-output (SISO) scattering model and the MIMO channel formulation are described in Sections III-V. The method is then applied to MIMO channel simulations in Section VI, with a particular focus on the range and CPE antenna beamwidth dependencies and the impact of local scattering around the subscriber unit. The influence of secondary modeling parameters, such as the distribution of the scattering coefficient and the scatterer density, is also discussed. 
II. POWER-DELAY PROFILE
The goal of the model is to derive a representation of the broadband wireless MIMO channel, given SISO channel characteristics for a specified range, antenna beamwidths, and system bandwidth. A SISO power-delay profile at a given range consists of a number of taps. A tap is a complex quantity defined by its average power , its relative delay and its -factor . Note that variables are usually normalized to the power of the first tap, so that dB ( is by definition taken as equal to zero). The tap spacing depends inversely on the communication system bandwidth considered. Specifically, for a given maximum excess delay, a larger bandwidth requires a smaller tap spacing, hence, a larger number of taps. In most tapped-delay line models, the taps' amplitudes are considered as Rayleigh-distributed, except for the first tap. The latter is Ricean-distributed if a strong direct contribution exists, namely in line-of-sight or quasi line-of-sight links. In such scenarios, the first tap can be written as the sum of a fixed dominant component and a variable scatter component . The -factor is then defined as .
III. SCATTERING MODEL
Since scattering mechanisms in macrocellular scenarios are mostly two-dimensional (2-D) processes, scatterers causing echoes with identical delays are situated on an ellipse, the foci of which are given by transmit and receive locations. Consequently, any tapped-delay model can be spatially represented by a set of ellipses, each one containing a number of scatterers to be determined. Considering omnidirectional antennas at both ends, the tap is expressed as
(1) where and are the transmit and receive antenna gains; is the wavelength; is the number of scatterers on the ellipse, the total number of scatterers being denoted as ; is the complex reflection coefficient of the scatterer on the ellipse; is the path length related to the ellipse 1 ; is the path-loss exponent, and , . In order to build the geometrical representation of the channel, the size of the ellipses and the respective numbers of scatterers must be inferred at any range from the SISO parameters { } corresponding to the reference range. The set of values { } related to the reference range is denoted in the text to follow as { }.
A. Ricean Channels
In a general Ricean channel, the first tap is characterized by a -factor , calculated as
1 It is assumed throughout the paper that always equals the direct transmission time, i.e., = d =c, where d is the range and c is the speed of light.
provided that all reflection coefficients are independent and identically distributed (i.i.d.) variables. Moreover, because the relative delay , we have . Equation (2) can subsequently be rewritten as (3) The power of the first tap is (4) For , the following ( ) relationships can also be written (5) We assume that the distribution of the reflection coefficient is independent of . Hence, the set of (5) reduces to (6) From the parameters of the tapped-delay line at the reference range and a given distribution for the reflection coefficient, the set { } can be unequivocally determined at that particular range by means of (3) and (6).
B. Rayleigh Channels
When no fixed dominant component exists, every tap in the power-delay profile is Rayleigh-distributed. Equation (6) is still valid (with ), but (3) is now undetermined. The problem consisting in finding the number of scatterers on each ellipse has gained one degree of freedom. Indeed, if { } is a solution to (6), then { } also matches the desired power-delay profile for any . A practical way of removing this uncertainty is to fix the scatterer density. The latter can be defined as (7) where is a monotonic increasing function. In this paper, is defined as the surface delimited by the largest scattering ellipse, i.e., (8)
C. Local Scattering Effects and Scatterer-Free Area
So far, scatterers have been uniformly distributed on ellipses so that the channel impulse response fits a desired power-delay profile at a reference range. Such channels are symmetrical, in the sense that the angle-spread as seen from the base station is the same as the angle-spread at the subscriber unit. However, macrocellular communication links with similar power-delay profiles may significantly differ as far as the spatial distribution of scatterers is concerned. More specifically, the difference between the relative heights of base transceiver station (BTS) and customer premises equipment (CPE) will cause the angle-spread to differ at the BTS and the CPE. In BWA systems, the BTS is usually high with a narrow vertical beam. The probability for a scatterer to be located in the vicinity of the BTS is small. Unlike the BTS, the CPE can be surrounded by a number of scatterers owing to its low height and larger vertical antenna beamwidth. Typically, the base station height is 15-40 m, while subscriber units are located 2-10 m above ground.
In order to account for such effects, two local rings are simultaneously introduced:
• a disc of exclusion, representing a scatterer-free area (radius , m in this paper) around the BTS [7] ; • a circular ring (radius , m in the following) surrounding the CPE [1] and bearing a subset of scatterers taken among the estimated number of scatterers on the first ellipse. The local scattering ratio (LSR) at the reference range is defined as . We assume for now that the latter is arbitrary. However, it will be shown later that it is directly related to the channel power delay profile and the angle-spread at the CPE. Likewise, can be determined from the power-delay profile and the BTS angle-spread. A graphical representation of the model is given in Fig. 1, for . Note that the scales are not respected in view of better legibility, e.g., is typically much less than the range.
D. Second-Order Mechanisms
A further step is to consider multiple-bounce interactions. In this model, second-order scattering is implemented as successive reflections by remote and local obstacles, respectively. Moreover, the point-like scattering model may appear as too rough because scatterers often have a nonnegligible spatial extent. Subsequently, any scatterer can be seen as a cluster of multiple points randomly spread over a circular region centered on the original scatterer. The radius of this circular area is defined so that the maximum angular extent of the scatterer as seen from the CPE is less than a given angle .
IV. RANGE DEPENDENCY
The channel impulse response used as input is only valid at the reference range, typically at the edge of the cell. This section investigates the extension of the model to any range within the cell. Depending on the channel excess delay, channel predictions are based on two different approaches.
In large excess delay channels, large remote scatterers such as high-rise skyscrapers or mountains, are responsible for long-delayed echoes. Therefore, the random positions of these scatterers, which are derived from the power-delay profile at the reference range, can be considered as range-independent and frozen in space. By large excess delay, we mean that the relative delay of the second tap must be larger than 5 s at the maximal range. The switching value has been determined from a large number of simulations of the RMS delay-spread. Indeed, if the concept of "frozen" scatterers is used when s, variations of the simulated RMS delay-spread are found to be unrealistic [17] .
In low excess delay channels, the previous concept is not adequate anymore. Hence, we assume that the relative delays of each tap remain constant as the range varies. At each new range , the size of the ellipses is, thus, scaled down as a function of . The average total number of scatterers is also modified as follows: (9) where is either given by (7), either fixed a priori.
Assuming that the total number of scatterers follows a Poisson distribution [7] , one can generate the actual random number of scatterers and then determine the number of scatterers on the ellipse by:
It is worth mentioning that both methods yield similar results for large excess delay channels.
V. MIMO CHANNEL FORMULATION
In a MIMO transmission scheme based on transmit antennas (at the BTS) and receive antennas (at the CPE), the channel transfer function is described by a matrix such that is the channel transfer function from the transmit antenna to the receive antenna ( , ). The corresponding channel impulse response is also a matrix denoted as . Each element is a complex impulse response, function of . The frequency-selective channel is represented by transfer functions, , which reduce to scalar values for a flat-fading channel. The MIMO channel is fully specified by the description of the scattering environment and the antenna configurations at both transmit and receive sides. Although the base station is usually identified in this paper as the transmitter, and the CPE as the receiver, the assignment of which antennas play the role of transmit and receive antennas is arbitrary on the channel point of view. Antennas are described by the array geometrical configuration (i.e., the relative location and orientation of each individual antenna) and the respective beamwidths. The scattering environment is constituted by the location and scattering coefficient of each scatterer.
Geometrical localizations of individual antennas and scatterers are represented in an arbitrary 2-D coordinate system. The location of any point is a vector denoted as . Relative vectors are obtained by (11) where and may represent the BTS/CPE antenna phase center (denoted as and ); the BTS (transmit) antenna (denoted as , ), the CPE (receive) antenna (denoted as , ), and the scatterer on the ellipse (denoted as ). The channel matrix is calculated using a ray-based approach, similar to geometrical optics. In order to simplify further expressions, angles of departure (from the BTS) and arrival (at the CPE) of each ray are defined relatively to the link axis, respectively, by (12) (13) When point-like single scatterers are considered, the channel matrix is expressed as shown in (14), at the bottom of the page. If , is given by (15) , shown at the bottom of the page, while if , . In (14) and (15), and are the respective antenna patterns, and and are the corresponding pointing angles (in this paper, we fix , so that BTS and CPE antenna patterns are aligned with the link axis).
When double scattering mechanisms or extended scatterers are considered, expressions of the channel matrix are easily obtained by further development of (14) .
VI. SIMULATION OF MIMO CHANNELS
A. Simulation Parameters
Section VI illustrates various simulation results, with a particular focus on the range and antenna beamwidth dependencies of the channel. The local scattering ratio and radius are also identified as key parameters, as opposed to the scattering coefficient and the scatterer density.
A scheme operating at 2.5 GHz is analyzed. The base station and the CPE are constituted of two identical linear arrays, symmetrically located off the transmission axis (broadside configuration), as indicated in Fig. 2 . Antenna [18] : a Ricean channel, with high -factor and low delay-spread (see Table I ) and a Rayleigh channel with a large delay-spread (see Table II ).
Both power-delay profiles are valid at a reference range of 7 km. The path-loss exponent is chosen as and 4.8, respectively, for the Ricean channel (model C in [19] ) and the Rayleigh channel (model A in [19] ) channels, assuming a base station height of 30 m.
The scatterer density is fixed to 1 km . The distribution of the scattering coefficient is taken such that is lognormally distributed as prescribed in [7] and confirmed by our own electromagnetic simulations. This distribution is characterized by ( , ), with being the mean value of and ,
the standard deviation of . The distribution of is, therefore, given by (16) Based on electromagnetic simulation results, ( , ) are assigned the values (0.3, 0.5). For these values, the reflection coefficient is characterized by an average value of 0.58 and a standard deviation of 0.14. Although it is supported by electromagnetic theory, the choice of ( , ), as well as , may seem questionable. However, it is shown in Section VI.E that both the scatterer density (arbitrarily fixed in Rayleigh channels) and the distribution of scattering coefficient do not play any significant role in the model.
Unless otherwise noticed, simulations only include singlebounce scattering, with point-like scatterers.
For flat-fading channels, the analysis is based on several scalar parameters, such as the -factor, the correlation levels and the Demmel condition number. The latter is the ratio of the largest singular value of to the smallest [20] . The smaller this number, the larger the capacity growth. The Demmel condition number is also the square root of the ratio of the largest nonzero eigenvalue of to the smallest ( denotes Hermitian transposition). The correlation coefficients at the CPE (a.k.a. receive correlation) and the BTS (as known as transmit correlation) are defined as and (17) where computes the complex correlation coefficient between and (18) As far as simulations of frequency-selective channels are concerned, the matrix transfer function is investigated, through delay-spread values and tap-by-tap characteristics.
B. Flat-Fading Ricean Channels
In Ricean fading, the median -factor of individual matrix elements is found to decrease with the range as , with [16] . This value is similar to experimental observations [21] , which report exponents equal to 0.5. The use of directional antennas at the CPE increases the -factor. Fig. 3 depicts the simulated correlation coefficients. These depend on the antenna spacing and on the angle-spreads at both CPE and BTS antennas, respectively, denoted as and . A practical definition of angle-spread is given in [22] as (19) where is the angular distribution of multipath power at the considered antenna, being the azimuth angle. Angle-spread ranges from 0 to 1, with 0 denoting the extreme case of a single component from a single direction and 1 denoting no clear bias in the angular power distribution. Let us consider first scenarios with no local scattering (LSR ). For omnidirectional CPE antennas, the CPE correlation is about 0.75, slightly increasing with the range. It is much higher ( 0.95) for directional 60 -beamwidth antennas. The BTS correlation is about 0.6 and 0.8 for omnidirectional and 60 -beamwidth antennas, respectively. Note that for omnidirectional antennas at both sides, angle-spreads will be equal, i.e., . So, the difference between and only results from the different antenna spacings.
The presence of local scatterers (LSR ) largely increases angle-spreads at both the CPE and the BTS. Hence, the CPE correlation is reduced from 0.75 to less than 0.20 for omnidirectional antennas, and from 0.95 to 0.6 for directional antennas. Simultaneously, the BTS correlation is also decreased as illustrated in the graph.
Median condition numbers are depicted in Fig. 4 . For both types of CPE antennas, the median condition number is quite flat as a function of the range. It decreases when the local scattering ratio is increased from zero to one. The flat behavior of the condition number has been experimentally observed in [15] for 90 -beamwidth CPE antennas in Ricean channels.
C. Flat-Fading Rayleigh Channels
In Rayleigh-fading conditions, the -factor of all matrix elements is equal to zero. Correlation properties are analyzed in Fig. 5. 1) The use of directional CPE antennas increases correlation levels at the CPE with respect to omnidirectional antennas. 2) Local scattering effects significantly decrease both CPE correlation levels (at all ranges) and BTS correlation levels (especially at small ranges). When the local scattering ratio is equal to 1, the simulation results can be validated by comparison with analytical results. Indeed, the first tap is only represented by the local ring, so that the angle-of-arrival is approximately uniformly distributed if we neglect the impact of the larger ellipses. Then, the magnitude of the CPE correlation is given by for omnidirectional CPE and for CPE of beamwidth (expressed in radians). Since , that yields 0.30 and 0.64 for omnidirectional and 60 -beamwidth CPE antennas, respectively. These values match our model perfectly.
The resulting median condition numbers are illustrated in Fig. 6 . The graph also includes the median condition numbers achieved with Rayleigh i.i.d. matrix elements. At large ranges, the condition number tends to be flat as a function of the range. In all cases, local scattering causes the condition number to decrease.
D. Impact of Second-Order Mechanisms
As far as double scattering is concerned, such interactions only slightly decrease condition numbers with respect to those achieved under single scattering conditions.
The influence of the spatial extent of remote scatterers on median condition numbers has also been investigated. The maximum angular extent of scatterers is chosen as 10 [7] , while the average number of reflecting points is taken as equal to four. Considering omnidirectional antennas, the ratio between median condition numbers estimated with/without spatially extended scatterers varies between 0.9 and 1. For 60 -beamwidth CPE antennas, this same ratio oscillates between 0.7 and 1.5.
As a conclusion, the impact of second-order effects is not negligible, but remains limited, especially for omnidirectional antennas at the CPE.
E. Determination of Key Parameters
In the former simulations of the Rayleigh flat-fading channel, the scatterer density has been fixed to km . Likewise, simulations of Ricean channels might be affected by the choice of the distribution of . Indeed, appears in (3), which is only applied in Ricean channels. Furthermore, simulations of both types of channel have revealed that the local scattering ratio, and eventually the radius of local ring and exclusion disc, play a significant role. The goal of this section is to highlight which out of these numerous variables are the key parameters of the model. First, a closer look at (3), (6) , (9), and (10) indicates that both the scatterer density (in Rayleigh channels) and (in Ricean channels) only affect the total number of scatterers. Therefore, these parameters do not play any essential role in the model and can be chosen arbitrarily as long as the total number of scatterers remains sufficiently large as to validly represent Rayleigh or Ricean fading.
The local scattering ratio directly impacts the angle-spread at the CPE. Indeed, assuming a large number of scatterers, the latter can be rewritten from (19) as (20) where , and
, with being the distribution of angle-of-arrival at the CPE from scatterers placed on the ellipse. Evaluation of (20) requires the derivation of . The latter can be expressed as detailed in [23] , assuming that the impact of the exclusion disc is negligible as shown in (21), at the bottom of the page, where and are, respectively, the semimajor and semiminor axis of the ellipse
Note that does not appear in the above relationships. Consequently, there is a direct and unequivocal relationship between the LSR and the angle-spread at the CPE for a given power-delay profile. This relationship is illustrated in Fig. 7 , for both simulated channels. The angle-spread as predicted by the analytical derivation given by (20) and from the Monte Carlo simulations are in close agreement, which means that the impact of the exclusion disc around the BTS is small. Nonsurprisingly, the angle-spread is proportional to the LSR and is practically one when in Rayleigh fading. Finally, the radius of the local scattering ring can be deduced from the BTS angle-spread, the power-delay-profile and the local scattering ratio. Neglecting the exclusion disc, the BTS angle-spread can be written as where .
In this expression, is the distribution of angle-of-departure at the BTS due to local scatterers located around the CPE and depends on . To conclude this analysis, the following rules can be drawn. 1) The scatterer density and the distribution of scattering coefficient can be chosen arbitrarily, since they only impact the total number of scatterers. 2) The local scattering ratio and can be unequivocally determined from the channel power-delay profile and the angle-spreads at the CPE and the BTS. The radius of the exclusion disc around the BTS has no major impact if it remains small with respect to the range. If not, the distribution (21) can be modified accordingly.
F. Frequency-Selective Channels
For frequency-selective channels, the model provides transfer functions. In all channels, the delay-spread is found to increase exponentially with range as , with and 0.7, respectively, in Ricean and Rayleigh fading. Such trends are corroborated by experimental results [17] , reporting exponents between 0.5 and 1.
In the case of low excess delay channels, the model is also able to provide CPE and BTS correlations for each of the considered taps. Simulations have shown that the correlations for the first tap are highly different from the correlation levels achieved by the two successive taps. Also, the narrowband correlations appear to be roughly the weighted average of the antenna correlations of each individual tap. (21) VII. CONCLUSION This paper has described a new physical scattering model of MIMO macrocellular channels with a particular focus on the range and antenna beamwidth dependencies. The model uses as input a power-delay profile defined for a specific range, antenna beamwidths and system bandwidth. This information is processed to develop a scattering model which predicts MIMO channel characteristics over the whole cell. Scattering mechanisms have been divided into remote and local effects, with the possibility of including second-order interactions and spatially extended scatterers.
Predictions in both flat-fading and frequency-selective channels have been addressed, and the sensitivity of the method toward a number of parameters has been investigated. The main conclusions are summarized below.
1) The input parameters of the model are the power-delay profile and the angle-spreads (at both the BTS and CPE) at a given reference range, typically at the edge of the cell. 2) Analytical expressions allow to relate the local scattering ratio (i.e., the degree of local versus remote scattering around the CPE) and the radius of the local ring around the CPE to CPE and BTS angle-spreads.
3) The scatterer density and the scattering coefficient only play a minor role in fixing the total number of scatterers. In order to guarantee that the number of scatterers is large enough to represent the Rayleigh scatter component, we recommend using a lognormal distribution with typical parameters for the scattering coefficient, and a scatterer density equal to 1 km . 4) The -factor and the RMS delay-spread exhibit a strong dependency with range. Nevertheless, the range dependency of the channel condition number (and therefore capacity) is weak, particularly in Ricean channels. These tendencies are confirmed by experimental results. 5) The antenna beamwidth at the CPE is a sensitive parameter. Larger beamwidths induce smaller -factor, higher delay-spread, lower CPE correlation and smaller condition number. 6) Higher local scattering around the CPE antenna array (i.e., higher angle-spread) decreases the correlation coefficients and the condition number. 7) The spatial extent of scatterers and double scattering mechanisms do not play a significant role as far the condition number is concerned, especially for omnidirectional antennas.
It should be pointed out that the simulated channels represent extreme scenarios. The chosen Ricean channel is characterized by a high -factor and a low rms delay-spread, while the Rayleigh channel presents a zero -factor and a very large delay-spread. Therefore, one should be cautious when drawing conclusions on so-called "Ricean" or "Rayleigh" channels, since some effects might be caused by the delay-spread rather than by the -factor or vice-versa. Because of its physical motivation and the use of widely available SISO models as a starting point, this new model can be an effective tool in predicting MIMO channel responses in macrocellular networks.
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